When radioactive UDP-glucose is supplied to 1-millimeter-thick slices of pea (Pisum satidum) stem tissue, radioactive glucose becomes incorporated into membrane-bound polysaccharides. Evidence is given that this incorporation does not result from breakdown of UDP-glucose and utilization of the resultant free glucose, and that the incorporation most likely takes place at the ceUl surface, leading to a specific labeling of the plasma membrane. The properties of the plasma membrane that are indicated by this method of recognition, including the association of K+-stimulated ATPase activity with the plasma membrane, resemble properties inferred using other approaches. The membrane-associated polysaccharide product formed from UDP-glucose is largely 1,3-linked glucan, presumably cailose, and does not behave as a precursor of cel wall polymers. No substantial amount of cellulose is formed from UDP-glucose in this procedure, even though these cells incorporate free glucose rapidly Into ceUlulose. This synthetase system that uses external UDP-glucose may serve for formation of wound callose.
Development of procedures for isolation of the plasma membrane of plant cells has been retarded by uncertainties about how plasma membrane fragments may be recognized and distinguished from other cellular membranes. The technique that has been used in the majority of investigations, staining of thin sections with phosphotungstic-chromic acid (34) , is laborious, difficult to quantify, and is found by some workers to stain membranes other than the plasma membrane (10, 26, 39, 44) . Monovalent salt-stimulated ATPase has been emphasized as a probable marker enzyme for the plasma membrane (17, 18) but this type of activity may also occur in the tonoplast and other intracellular membranes (16, 22, 36) . Glucan synthetase assayed using high concentrations of UDPG2 has also been proposed as a plasma membrane marker (12, 17, 28, 39, 43) but glucan synthetase activity is also found in Golgi membranes (30, 43) and no evidence has been presented for an assay of this type that is quantitatively specific for plasma membranes.
The approach that has most often been used for recognizing plasma membranes derived from animal cells, that of labeling the external surface of intact cells with a nonpenetrating reactive reagent prior to cell disruption, has proved unsuccessful in a number of attempts with plant material (11, 25) , but some recent reports infer success in specifically labeling the plasma membrane in tissues (15, 46) or using protoplasts (1, 8) . This report presents evidence for a different method of specifically labeling the plasma membrane, by making use of a glucan synthetase activity that utilizes UDPG supplied outside the cell. These studies were ' Supported by a grant to P. M. R. from the National Science Foundation.
2Abbreviations: UDPG, uridine diphospho-D-glucose.
prompted by reports of Shore and Maclachlan (37, 38) that a "cell surface cellulose synthetase system" could be detected in pea tissue by supplying radioactive UDPG to tissue slices. They presented no evidence for the nature of the radioactive product or for its location within the cells of the treated tissue. Our investigation has shown that the principal product formed in this type of labeling is not cellulose but callose, and that it is bound to a cellular membrane that is different from intracellular membranes that are recognized to bear glucan synthetase activities, and that has properties similar to those of the plasma membrane as inferred from studies using other approaches cited above.
MATERIALS AND METHODS
Plant Material. Seedlings of Pisum sativum L. cv. Alaska were grown for 7 days at 25 C in Vermiculite in the dark except for occasional exposure to dim red light during watering. From the third internode of each seedling, a stem segment 8 mm long was excised beginning 3 mm below the top of the apical hook. The segments were either cut into slices 1 mm thick using a set of razor blades spaced I mm apart, or were stroked by hand with a thick aqueous paste of emery powder to abrade the cuticle and increase its permeability to solutes (3) . These manipulations were performed under dim red light.
Incubation. Batches of slices or stem segments were washed once in ice-cold homogenization medium (40 give a final concentration of 500 lM unless stated otherwise, using 1 ml of incubation medium/g fresh wt of tissue (about 50 segments). Following incubation, the sample was placed on ice and washed three times in ice-cold homogenization medium. In pulsechase experiments, the tissue was washed three times at 25 C in homogenization medium containing 1 mm UDPG, then incubated for varying times in the same solution, or in 10 mm UDPG. The chase period was terminated by washing the tissue in ice-cold homogenization medium. Subsequent operations were performed at 5 C under white light. Homogenization. Tissue samples, in homogenization medium (I ml/g fresh wt) in a 10-cm Petri dish resting on crushed ice, were chopped by hand for 10 min (scrubbed segments) or 7 min
(1-mm slices) using a stainless steel razor blade. The homogenate was squeezed through one layer of Miracloth and the residue remaining was ground in a mortar and pestle for 2 min in 2 ml of homogenization medium. This was filtered again and the two filtrates were pooled and centrifuged at l,000g for 5 min.
In experiments where a total particulate fraction was analyzed without sucrose gradient centrifugation, the hand chopping step was omitted. (30) . NADH-Cyt c reductase was assayed as described by Ray et aL (29) . Lipid phosphorus present in the cm extracts of gradient fractions was measured by the method of Rouser et al. (35) . Free sterols in c-m extracts were assayed according to the procedure of Mann (23) using cholesterol as a standard. Mg2e-dependent, K+-stimulated ATPase was assayed as described by Hodges and Leonard (17) . K+-stimulated ATPase assay values are the difference between Pi released in the presence and the absence of 50 mm KC1.
RESULTS
Fractionation of pea tissue after brief incubation of tissue slices in labeled UDPG showed that more of the radioactivity incorporated into polymers is associated with membrane particles than with the cell wall ( Table I ). The l,OOOg pellet which is rich in starch grains and plastids was never found to contain more than 2% of the radioactivity recovered in membrane particles (data not shown). Most of the incorporation is in nonlipid material (Table   I ).
In isopycnic density gradient centrifugation, the particle-bound nonlipid radioactivity gives a single relatively broad peak extending over the density range 1.16 to 1.20 g cm-3. The labeled membranes reach isopycnic equilibrium after 2 hr, and do not move further into the gradient during centrifugations of up to 12 hr (data not shown). Isopycnic centrifugation clearly separates the radioactive particles from the distribution of marker enzymes (28, 30) for ER (NADH-Cyt c reductase) and Golgi membranes (glucan synthetase) (Fig. 1 chondria since they sediment to the bottom of the gradient in the procedure of Figure 2 . When the particles pelieted in this manner are resuspended and centrifuged isopycnically they give a distribution (Fig. 3 ) very similar to that obtained with the particles in a crude homogenate.
The isopycnic distribution of particles labeled with UDPG in vivo is similar to that of K+-stimulated ATPase that can be detected in this tissue (Fig. 3) , an activity which in other tissues has been held to be localized to the plasma membrane. The density region of maximum radioactivity also corresponds to a region of maximum sterol to phospholipid ratio (Fig. 1) , which has also been considered to be characteristic ofplasma membranes (2, 13, 18) . A dip in this ratio occurs in the density region at which mitochondria are localized (Fig. 1) 
Comparison with Labeling Using Ghcose. The isopycnic distribution of in vivo incorporated particle-bound radioactivity using labeled UDPG is entirely different from that obtained by feeding radioactive glucose (Fig. 4) . The latter represents primarily incorporation into particles of the Golgi system, as shown previously (29) . This difference shows that externally supplied UDPG is not being utilized primarily by breakdown to glucose followed by its uptake into the cells. The lack of any indication of Golgi incorporation in either isopycnic (Figs. I and 4) or rate zonal (Fig. 2) centrifugation, in comparison with the Golgi incorporation obtained by glucose feeding (29) , indicates that UDPG as such is not being taken into the cells and then utilized, because inside the cell UDPG should be converted into the other polysaccharide precursors utilized by the Golgi system, at least as rapidly as glucose itself is converted and utilized.
A further difference between utilization of glucose and of externally supplied UDPG by tissue slices is revealed by treating with cyanide. Cyanide strongly inhibits incorporation from glucose into both the membranous particles and the cell wall, whereas similar cyanide treatment inhibits incorporation from extemally supplied UDPG only slightly (Table I) . This further supports the conclusion that utilization of externally supplied UDPG is not due to breakdown to glucose and indicates that unlike utilization of glucose, incorporation from external UDPG does not require ATP from respiration.
Kietics of Incorporation from External UDPG. The time course of labeling during incubation of tissue slices in radioactive UDPG is shown in Figure 5 . Incorporation begins without a lag, is linear for 20 to 30 min, and proceeds at a reduced rate for at least another 30 min. Replacement of the incubation medium with a fresh solution after 30 mm results in increased incorporation, suggesting some substrate depletion after this time. On the other hand, replacement of the radioactive UDPG medium after 15 or 30 min with an unlabeled medium containing I mM UDPG leads to a loss of radioactivity from the soluble fraction and some loss from the membrane-bound product but not from the walls. The radioactivity present in the soluble fraction is not polymeric, as evidenced by its solubility in 80% ethanol (Table II) . Because rapidly lost from the tissue during a chase, it is presumed to be radioactive UDPG present in the tissue free space at the end of the incubation.
The extent to which membrane-bound radioactivity declined during a 45-min chase varied considerably among different experiments, from the relatively slight decrease illustrated in Figure   5 to decreases of 50% as illustrated in Table II . In instances where a large decline occurred, a comparable addition of radioactive product to the cell walls was not observed, in sharp contrast to the chase behavior seen when products contained in the Golgi system have been labeled by supplying radioactive glucose (33 (Table II) . Some polymeric radioactivity was released into the incubation medium but this was insufficient to account for the radioactivity lost from membranes in those instances in which a substantial decrease occurred during a chase. It can be concluded that the membrane-bound polysaccharide formed from externally supplied UDPG is not a cell wall precursor and that it is subject to turnover to a variable extent.
Characteristics of UDPG-incorporating System and Nature of Its Product. Incorporation from externally supplied UDPG into membranes does not require divalent cations, but can be stimulated by the addition of 5 mM Mg2+ or 2 mm Ca2+ (Fig. 6) . Incorporation is also stimulated by increasing the concentration of UDPG outside the cells by the addition of unlabeled UDPG, despite the isotope dilution that this causes (Table III) . At 500 gM UDPG, maximal levels of radioactivity were incorporated, but the rate of incorporation of glucose residues into the membranes was highest at 5 mM UDPG, the highest concentration tested. These features differ distinctly from the properties of the intracellular glucan synthetase of pea tissue, incorporation by which is most efficient at UDPG concentrations in the micromolar range (27) , and depends completely upon Mg2+, which cannot be replaced by Ca2+ (unpublished results).
The membrane-associated product of incorporation from externally supplied UDPG is degraded by either the f8-1,3-glucanase of Rhizopus arrhizus (31) or by crude Streptomyces cellulase (32) which contains a f-1,3-glucanase activity, to yield a similar spectrum of products (Fig. 7) . Besides glucose, the principal hydrolysis products correspond in chromatographic mobility to laminaribiose and laminaritriose. The hydrolysis products obtained from tissue which had been incubated in either 1.7, 50, or 500 uM UDPG were the same (Fig. 7) , as were those from tissue incubated in the presence of optimal concentrations of Mg2+ or Ca2+. No significant amount of labeled cellobiose was detected, even though the Streptomyces cellulase is capable of converting i-l1,4-glucan mainly into cellobiose (32) . When the product remaining insoluble after incubation with the ,B-1,3-glucanase is subsequently incubated with the Streptomyces cellulase, further radioactive products are released. However, paper chromatography of these products revealed only the presence of glucose and laminaribiose.
Acid hydrolysis of the membrane-bound product in 1 N H2SO4 followed by paper chromatography of the hydrolysate showed that glucose was the only radioactive monosaccharide present. This is an contrast to the radioactivity distribution among the monosaccharide constituents ofmembrane-bound polysaccharides after pea tissue is incubated in ['4CJglucose (29) , in which less than 20% of the radioactivity is found in glucose, the rest being found in the other monosaccharides that are characteristic of pea cell walls.
Periodate oxidation followed by borohydride reduction, acid hydrolysis, and paper chromatography of the membrane-bound product formed after incubation of tissue in 500 ,M ["4CJUDPG yielded glucose and erythritol, as shown in Figure 8 . No peak of glycerol was detected on the radiochromatogram scan, but elution from the chromatogram of the regions corresponding to the three products and measurement of radioactivity by liquid scintillation yielded a molecular ratio of glucose to erythritol to glycerol of 9.5:1.8:1. Undegraded glucose arises from 1,3-linked glucose residues which are resistant to periodate oxidation, whereas erythritol should arise from 1,4-linked glucose residues. Glycerol can be produced from nonreducing and reducing terminal glucose units, and can afford a measure for the degree of polymerization of the product (if unbranched). The fact that so little glycerol was detected indicates that the product is not highly branched and that the glucan synthetase is forming relatively long chains, not just adding a few glucose residues to preexisting polymers. From the data quoted it can be estimated that at least 81.5% of the radioactive product consists of 1,3-linked glucose with not more than 18.5% of 1,4-linked glucose residues.
Cell Wail-bound Products. Cell walls isolated from tissue after incubation in radioactive UDPG always contained some radioactivity, but the extent of incorporation into the wall fraction was variable. The isolated walls were subjected to sequential extractions in boiling water and NaOH, and the alkali-insoluble material was digested with the Streptomyces cellulase. The radioactivity distribution among the various fractions (Table IV) shows that 60 to 70%o of the radioactivity is soluble in hot water, and of that, (Fig. 9 ). This shows that the cells are capable of forming cellulose vigorously even though the products formed by them from externally supplied UDPG appear to contain no appreciable amount of cellulose.
Therefore, the cell surface synthetase detected by supplying UDPG externally appears not to be significant in the mechanism of cellulose biosynthesis. membranes of these cells. The density and sedimentation rate of the responsible membranes, the requirements for incorporation, and the nature of the product formed, are all different. These facts, plus the improbability that the UDPG molecule could be readily transported intact across the plasma membrane, all suggest that the incorporation of radioactivity that occurs in this type of experiment takes place at the external surface of the cells and generates a labeled product that is associated with the plasma membrane, serving to label the plasma membrane specifically. This proposition is supported by the demonstration that the isopycnic density distribution of labeling is distinctly different from that of the other major cellular membranes that can be recognized by marker enzymes, and resembles density distributions inferred for plasma membranes of plant cells by other methods of recognition (15, 17, 21, 43, 46) . The possibility that the tonoplast is being labeled instead or in addition seems remote not only because of the evidence indicating that radioactivity from externally supplied UDPG is not available in significant amounts in the cytoplasm, but also because formation of callose has not been observed in the interior of cells but only extracellularly in or upon the cell wall (5, 7, 45) . This is still another reason to think that the membrane-associated product that is formed from external UDPG in these experiments should label the plasma membrane.
DISCUSSION
The observation that incorporation occurs more rapidly near the ends of tissue segments seems to raise the possibility that UDPG is being utilized not primarily at the surface of intact cells as assumed above, but by damaged cells at the cut surfaces of the tissue. However, this conflicts with the fact that intracellular membranes capable of being labeled in vitro with [14CJUDPG, namely the Golgi membranes (29) , which should be exposed in damaged cells, do not become labeled appreciably during incubation of tissue slices in [14CJUDPG. Greater free space uptake of UDPG at cut, as compared with epidermal, surfaces oftissue slices is to be expected because of the cuticular penetration barrier at the epidermis. The similar isopycnic radioactivity profile obtained for incorporation of UDPG by intact soybean suspension culture cells also indicates that slicing is not responsible. In any event, because of functional localization of membrane-bound enzymes, the use of an enzymic substrate like UDPG to label membranes should be more specific than the methods criticized by Quail and Browning (25) , which employ a reactive reagent that will label any proteins that are exposed in damaged cells at cut surfaces of the tissue.
The present results agree with other approaches in indicating a correlation between the density distribution of presumptive plasma membrane material and of K+-stimulated ATPase (17, 18, 20, 21) or of high sterol content (13, 18) , and indicating that a glucan synthetase is carried by the plasma membrane (12, 17, 28, 39, 43) . The general agreement in these respects between several different lines of approach should add to our confidence that plant plasma membrane fragments are indeed being recognized in homogenates by these various methods of detection.
Enzymic and periodate degradation provides preliminary evidence that the glucan produced from externally supplied UDPG by the surface-localized glucan synthetase of pea cells is largely ,8-1,3-glucan, probably callose, rather than cellulose as reported by Shore and Maclachlan (37) . This finding is confirmed by Heiniger and Delmer (14) . There is a similar story regarding incorporation of externally supplied UDPG by "intact" cotton fiber cells into a product that was regarded as cellulose (6) but which more recent work has shown to be callose (4, 14) . Complete identification of these products awaits methylation analysis, but it seems nevertheless clear that the external labeling procedure does not detect primarily the synthetase system that is responsible for cellulose production.
A possible function for the surface glucan synthetase of pea cells is to produce callose as the well known wound response (5, 40) when cell injury results in release of UDPG from damaged cells into the extracellular space. The cell surface callose synthetase of peas has the property, in contrast to callose synthetases in some other tissues that have been studied (14, 42, 43) , of being labile to cell disruption. This may serve to ensure that upon injury, callose is formed by still viable cells and not by those injured beyond hope of rescue.
